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Abstract 
In this thesis radical adsorption onto Ir(111) supported graphene at room temperature is studied 
using scanning tunneling microscopy. The radicals were formed in by thermal cleavage of C2H4 
molecules. First of all, the analysis of the location of the adsorbed radicals reveals that the 
radicals prefer to adsorb in so-called HCP/FCC areas of the graphene film where the graphene 
film is located closer to the Ir(111) substrate. Further, the carbon bond configuration in these 
areas allows rehybridization from graphite like bonding to diamond like bonding upon radical 
adsorption. Secondly, the analysis of the relative distance between adsorbed radicals 
demonstrates that radicals have a tendency to bind in the immediate proximity of other radicals. 
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1. Introduction 
 
Graphene has been dubbed a “miracle” material due to its vast range of desirable physical and 
electronic properties [1]. Graphite, which is composed of multiple layers of graphene, has been 
around for thousands of years. It was not until 2004 that Andre Geim and Konstantin Novoselov 
were able to isolate graphene, for which they received the Nobel Prize in Physics in 2010, that 
graphene research took off. Graphene consist of a single layer of carbon atoms arranged in a 
2D honeycomb structure with very attractive properties [1]. Its properties include its incredible 
strength (two hundred times stronger than steel), it is an efficient conductor of both heat and 
electricity, and is almost transparent. Furthermore, it has a very high electron mobility of 2000 
cm2V-1s-1, an order of magnitude larger than silicon, and is classified as a zero bandgap 
semiconductor.  
 Since the breakthrough in 2004, the rare properties of the two-dimensional charge car-
riers of graphene have been under intense research [2]. The potential of fast electronics in com-
bination with the flexible and durable properties of graphene has placed it at the forefront of 
the future of electronic devices. As a consequence of this interest, the importance to have a 
complete understanding of its electronic structure as well as how it is affected by any underly-
ing substrate and then how its electronic properties could potentially be manipulated in a non-
destructive manner. The ability to alter and control the band gap width of graphene is one of 
the most critical abilities for the future of graphene based electronics as pristine graphene has 
a zero band gap.  
 There have been multiple attempts to modify and control the band gap of graphene [3]. 
One possibility is substrate-induced gaps for graphene grown on SiC, but it is highly debated. 
Another more popular idea, is the creation of gaps through confinement, such as graphene na-
noribbons. This method has its limits however due to its heavy dependence on the nanoribbons 
geometry and chemical functionalization. An alternative method is the construction of periodic 
structures of adsorbates atop graphene, resulting in a confinement potential for the carriers 
resulting in band gap opening. The method has been studied theoretically as well as experi-
mentally [2,3,4,5].   
 Another interesting application of graphene is its use as a support material for catalytic 
active particles or molecules [6]. Here the idea is to bind or anchor the active particles or 
molecules to the surface of graphene and thereby create a dense array of particles or molecules. 
The ability to bind or anchor active particles on graphene would potentially provide a cheaper 
alternative to the catalyst supports used in industry today.  
 This thesis will extend on the idea of functionalizing graphene. In the presented work, 
hydrocarbon radicals generated from ethylene were deposited on graphene grown on Ir(111).  
The resulting radical decoration was studied using scanning tunneling microscopy (STM) 
giving a true atomic scale picture of the radical adsorption.  
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2. Background 
 
Surface science is the study of the physicochemical phenomena that occurs between the 
interfaces of two phases. The surface used in my studies is the top most atomic layers of a 
single crystal. The top most atomic layer can have substantially different properties when 
compared to the bulk properties of the crystal, but the surface properties might affect the bulk 
properties. To study surfaces, ultra-high vacuum (UHV) has to be used. UHV is defined as the 
vacuum regime characterized by a pressure of 10-9 mbar or lower. At a pressure of 10-9 mbar 
or lower the surface can be kept clean for hours which is required for quality analysis. There 
are many methods than can be employed to study the surface such as low energy electron 
diffraction (LEED) and Auger electron spectroscopy (AES). For the current thesis Scanning 
Tunneling Microscopy (STM) studies were applied. In this chapter the UHV apparatus and the 
basic principles of STM imaging will be described. Finally, a brief discussion about the 
graphene and the graphene/Ir(111) structure will also be provided.  
 
2.1 UHV System  
  
The UHV system used in this thesis is depicted in figure 1 and consists of two UHV chambers, 
a load lock chamber, and linear transfer arms. All chambers are made of stainless steel which 
can withstand high temperatures in addition to having low vapor pressure [7]. The need to 
withstand high temperature stems from the need to a bake-out the system before performing 
experiments. The low vapor pressure is needed to ensure low pressure in the system. All 
chambers are equipped with the appropriate pump systems, pressure gauges, and viewports. 
The load lock provides a fast method of introducing samples into the preparation chamber. The 
preparation chamber has several ports where different UHV equipment can be attached such 
as metal evaporators or effusion cells. For the current thesis the preparation chamber allows 
for preparations methods like sputtering and electron beam heating. Furthermore, several gas 
lines are used for gas dosing. Finally, it hosts a home designed cracker used to generate radicals. 
The analysis chamber has several instruments used for surface science techniques including 
Auger spectroscopy, Low Energy Electron Diffraction and an STM stage (see number 3 in 
figure 1). The STM is the main technique that was used in these experiments. The base pressure 
in both chambers is in the low 10-10 mbar range.  
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Figure 1: The UHV system used in the experiment with the main components labeled by the 
red numbers. (1) Preparation Chamber (2) Analysis Chamber (3) STM unit 
 
2.1.1 Scanning Tunneling Microscopy  
The experimental technique used in this thesis work is STM which is a technique that produces 
real space magnified images with atomic resolution. The method was developed by Gerd 
Binning and Heinrich Rohrer in the early 1980s for which they shared the 1986 Nobel Prize in 
Physics [8]. 
 
 
Figure 2: (a) An overview of the STM tip and the three piezoelectric crystals (highlighted by 
red lines) which control the movement of the tip (b) along with a zoom of the tip close to the surface. 
(c) An illustration demonstrating the electron levels of the tip and sample with a positive bias applied 
through the sample resulting in an electron tunneling from tip to sample.  
 
The STM stage used in the experiment is depicted in detail in figure 2 (a). The concept 
of an STM operation is that an atomically sharp tip, enlarged image in figure 2 (b), is positioned 
close to the surface of interest using a coarse positioning system. It is then fine-tuned by means 
of piezoelectric elements (the slight expansion of three crystal due to an application of voltage 
across them which can induce the tip to move in the x, y, and z directions) until it is within a 
distance of ~5-10 Å. The three piezo crystals are outlined in red in figure 2 (a). At a distance 
of ~5-10 Å the wave functions of the atom on the tip and atoms on the surface overlap.  When 
3 
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one applies a voltage difference between the tip and surface, the electrons will be able to tunnel 
through vacuum barrier separating them creating a tunnel current. Electron tunneling is 
depicted in figure 2 (c). The current changes as the tip moves across the surface and is recorded 
by a computer connected to the STM system.  
As the tip moves across the surface there are two options on how to scan the surface in 
order to get a topographical view [8]. One is to set the STM to a constant-current mode where 
the voltage and current are kept constant and the height of the tip is adjusted through a feedback 
voltage Vz on the Z-piezoelectric drive. The height is derived from the voltage Vz and these 
height variations generate the image. The advantage of constant current mode is that it can 
probe surfaces that are not flat. The drawback is that the speed of the measurement is limited 
by the finite response time of the Z-piezoelectric drive. The second method is the constant 
height mode where the Vz voltage is kept constant and the current changes to maintain the 
voltage. The current variations generate the image. Its advantages are that it is faster and can 
be used to study real-time dynamic systems. For the needs of the current thesis, since the 
surface measured was not expected to be atomically flat due to the introduction of radicals and 
the terrace structure of the Ir(111), the constant current mode was used to get images of the 
graphene structure and the subsequent radicals deposited on it.  
 
2.2 Graphene Structure  
Graphene is a crystalline allotrope of carbon with two-dimensional properties. The carbon 
atoms form a hexagonal honeycomb lattice with one carbon atom placed at each vertex (figure 
3). Each carbon atom is sp2 hybridized where the 2s orbital mixes with two of the three p 
orbitals to form a total of three sp hybrid orbitals. These orbitals together, with the neighboring 
orbitals form 𝜎-bonds and the one remaining p orbital which forms a 𝜋-bond. The three carbon 
𝜎-bonded atoms form the honeycomb structure and the 𝜋-bond is oriented perpendicular to the 
plane [1].  
 
Figure 3: Honeycomb graphene structure with lattice vectors a1 and a2. The vectors |a1| = | a2| 
which equals the lattice constant.  The blue box represents the unit cell with two atoms in it.  
As can be seen from Figure 3, the repeating unit cell of the graphene lattice structure contains 
two atoms. The lattice constant value of graphene is 2.46 Å [9]. 
The substrate used in the experiment was the crystal Iridium (Ir) which was cut along 
the plane defined by the Miller index (111). Iridium was used since its acts as a catalyst for the 
hydrocarbons that are used to grow graphene. Furthermore, carbon has low solubility in Ir 
limiting the graphene to one atomic layer [10]. The Ir(111) surface has four important high 
symmetry sites: the bridge site which is located between two top layer atoms, the on-top site 
which is directly above a first layer atom, the hcp-hollow site which is above an atom in the 
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second layer, and the fcc-hollow site which is located directly above an atom in the third layer 
[9]. The Ir(111) has a lattice constant of 2.72 Å.  
 Combing the graphene lattice structure and the Ir(111) lattice structure results in a super 
structure known as a moiré pattern. The moiré pattern arises due to the mismatch of the two 
structures lattice constants and can be seen in Figure 4 (a).  
 
Figure 4: (a) Two misaligned patterns leading to a superstructure know as a moiré [11] (b) A 
moiré unit cell by superposition of the graphene lattice (yellow) onto the iridium surface (gray). The 
first region of interest is the TOP domain and is highlighted by the white arcs in the corner of the cell 
where an iridium atom located in the top most layer is centered in the graphene honeycomb structure. 
The other two regions are the FCC domain and the HCP domain highlighted by the semi-dashed circles. 
In these regions the honeycomb is located directly on top either an fcc or hcp-hollow site in the Ir(111) 
surface. [10] 
Figure 4 (a) illustrates how a moiré pattern emerges when two different lattices are 
superpositioned to generate a third one, in the image the moiré is the striped diagonal pattern 
[11]. Superimposing the atomic structure of the graphene and iridium results in the model as 
shown in figure 4 (b). The superstructure has a periodicity of 25.3 Å and contains 200 carbon 
atoms and 87±3 surface iridium atoms [9]. Inspecting the model in figure 4 (b) reveals three 
specific high symmetry domains. The first domain of interest is the TOP domain highlighted 
by the white arcs in the corner of the cell in figure 4 (b). In the TOP domain the Ir surface atom 
is located in the center of the hexagonal carbon structure. The other two domains are FCC and 
HCP highlighted by the semi-dashed circles in figure 4 (b). In these regions the hexagons are 
located directly above either an fcc or hcp-hollow site of the Ir surface layer. Thus, half of the 
carbon atoms are located directly on top of an iridium atom while the other half are located 
above threefold-hollow sites. Since the bond between carbon atoms and iridium atoms are the 
strongest when they are situated above each other, this type of arrangement causes the graphene 
to bend towards the iridium substrate. In contrast, at the TOP domain, where the six carbon 
atoms all occupy threefold-hollow sites, there is little or no bending. The carbon atoms varying 
location with respect to the Ir atom causes there to be significant topographical differences 
across the graphene.  
 
 
 
(a) (b) 
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3. Method  
 
3.1 Preparing and Operating the System 
In order to prepare the UHV system for experimentation, the system had to be baked-out and 
the required equipment had to be attached. To attach the required equipment, the preparation 
chamber was vented. The homemade cracker and oxygen gas line was attached. The chamber 
was then sealed and baked-out. The bake-out is a process where the system is heated to 120℃ 
to remove molecules, mainly water, which has attached to the inner chamber walls during 
venting. The bake out was executed by wrapping the system in thermal tape and leaving it, with 
pumps on, overnight.  
 After the bake out, the Ir sample was inserted into the preparation chamber using the 
load-lock. The Ir was then transferred to analysis and then the STM chamber in order to check 
all components were functioning. The STM was controlled using the MATRIX software 
developed by Scienta Omicron. The positioning and size of the area scanned by the tip could 
be adjusted very precisely. The bias voltage and tunneling current was constantly adjusted to 
enhance the quality of the image. In addition to the bias voltage and tunneling current 
adjustements, the tip could be conditioned by applying small voltage pulses which discharged 
excess atoms stuck on the tip. If the voltage pulses did not work, one could crash the tip into 
the surface in a controlled manner. The crash would hopefully force the atoms to rearrange in 
a more favorable way resulting in better images. After STM had been mastered the Ir sample 
was transferred back to the preparation chamber for graphene growth.  
 
3.2 Graphene Growth  
 
Ir(111) 
The Ir(111) crystal used in this thesis was placed in a molybdenum sample plate which can 
withstand high temperatures and has high thermal conductivity which ensures that the sample 
temperature is homogeneous when treated. The Ir(111) crystal was inserted from the 
atmosphere into the preparation chamber through the load lock.  
For the growth of a clean graphene surface the Ir(111) crystal needed to be cleaned. To 
clean the graphene, repeated cycles of Argon (Ar) sputtering (via sputter gun) followed by 
oxygen (O2) treatments and flashing were applied according to Grånäs [9]. In the process the 
Ar bombardment removed the top layer of the sample including contaminants. The O2 then 
reacts with any carbon residual on the surface to form volatile carbon monoxide and carbon 
dioxide. The flashing finally restored the surfaces and removed embedded Ar atoms.  
Sputtering was done by admitting Ar into the preparation chamber until a pressure of 
2x10-5 mbar was attained. The gas then entered the sputter gun where it was ionized and 
accelerated towards the sample surface with an energy of 2.0 keV. The bombardment lasted 
for 15 minutes. After the sputtering was completed, O2 was admitted into the chamber until a 
pressure of 2x10-7 mbar was reached while simultaneously the sample was annealed by setting 
the high voltage to 800 V and 2A (via electron beam heater) resulting in a sample temperature 
of 1000℃. The O2 dosing and annealing treatment lasted 5 minutes after which the O2 is turned 
off and the surface was flashed by increasing the temperature to 1150℃. The flashing procedure 
removed any remaining oxygen from the sample surface. The cleaning cycle was repeated 
several times. 
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Graphene Growth  
In order to obtain a high quality monolayer of graphene with varying degrees of coverage of 
the Ir(111) substrate, two growth methods were used: temperature-programmed growth (TPG) 
and chemical vapor deposition (CVD) [13]. TPG consists of room temperature adsorption of 
hydrocarbons onto the substrate followed by pyrolysis and graphene growth at a fixed elevated 
high temperature [14]. CVD is the direct exposure of the molecules onto the hot substrate, 
which allows for the preparation of graphene of single layer domains.  
For the needs of this thesis, one monolayer with 100% coverage was necessary. The 
hydrocarbons used in the current thesis is ethylene (C2H4). The C2H4 was provided through a 
dosing tube with an opening placed a few millimeters away from the sample. As discussed 
above, TPG is the first method employed where the clean Ir (111) is exposure to 10-6 mbar of 
ethylene at room temperature for 100 seconds. The temperature of the substrate was then 
quickly increased to 1100℃. Upon heating the substrate, the adsorbed C2H4 undergoes 
progressive dehydrogenation resulting in the carbon atoms to gradually form graphene islands 
on the Ir(111) surface [11]. 
Immediately after TPG, CVD was employed.  At 1000℃ and 10-6 mbar, the sample was 
exposed to C2H4 for 5 minutes, resulting in 100% graphene coverage of the Ir(111) substrate. 
The C2H4 molecules that adsorb on the bare Ir(111) patches of the hot substrate immediately 
disassociate leaving behind carbon atoms that diffuse and attach to the graphene islands formed 
by the initial TPG cycle [11]. The graphene islands eventually merge and cover the entire 
surface. The C2H4 only disassociates upon contact with the hot substrate resulting in a single 
layer of graphene since the substrate gradually gets covered and thus does not react with 
additional C2H4 molecules. After cooling the sample to room temperature, it was transferred to 
the analysis chamber for STM imaging.  
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3.3 Radical Exposed Graphene  
 
Radicals were generated from C2H4 by the means of a homemade thermal cracker. The cracker 
is depicted in figure 5, identified by the red arrow, and was located a few millimeters from the 
sample when used. The cracker consists of a tungsten filament which was heated up by an 
external power source. Upon contact with the tungsten, the hydrocarbon bonds would break up 
resulting in hydrocarbon radicals. The cracker was one of the components attached to the 
preparation chamber in the first stages of the experiment.  
 The radicals in the experiment were generated by exposing the sample at 300℃ to         
10-6 mbar of C2H4. The filament was then turned on to a current of 3.0 A. The sample was 
exposed to these conditions for 10 minutes. After deposition of radicals, the sample was 
transferred and analyzed using STM. Once desired images had been collected, sample was then 
moved back into the chamber and the sample was annealed using a high voltage source.  
 
 
Figure 5: Homemade cracker used to create radicals marked by the red arrow in the image. 
C2H4 was inserted in to the chamber and upon contact with the heated rods at the end of the cracker 
lead to break-up of the C2H4 which could be absorbed on the graphene surface.    
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4. Results and Discussion  
 
Clear Graphene  
Figure 6 is an STM image of the graphene that was grown on top of the Ir(111) surface using 
the TPG and CVD method. The image has atomic resolution and the moiré pattern discussed 
previously is evident (compare to Figure 4 a). The unit cell is identified by the red polygon. 
The on-top sites are the red circles, based on the description provided in section 2.2., but the 
HCP and FCC sites are not identifiable due to the lack of resolution. Therefore, the HCP/FCC 
will simply refer to the sites located within the unit cell.  
 
 
 
Figure 6: The graphene grown using TPG and CVD in combination. The graphene exhibits the 
predicted moiré pattern. The graphene unit cell is identified by the red rectangle and the four on-top 
sites located at each vertex with red circles.  
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Radical Functionalized Graphene 
In this section, the radicals and their binding location on the graphene moiré structure will be 
investigated. First, STM images will be used to study how the nano-mesh structure created by 
the graphene moiré steers the radicals to a specific binding site. Secondly, the radical-radical 
interaction will be explored by measuring and analyzing the distance between the radicals.  
Figure 7 shows three different STM images recorded after the radical exposure. Figure 
7 (a) is a 50×50 nm2 image that gives a good overview of the different areas. The dark 
protrusions with bright edges that dominate the top half of the image are the radicals. One is 
highlighted by the red arrow. In the bottom right corner of figure 7 (a) the moiré pattern of 
graphene can be seen (compare to figure 5). Thus, comparing the upper half of figure 7 (a) with 
the bottom right corner of the same figure offers a good contrast as to what an area covered by 
radicals look like and a clear area of graphene. The bright area in the bottom left corner is an 
Ir step-edge.  
 
Figure 7: Several STM images of radicals on graphene on Ir(111) at an elevated temperature 
of 300℃. (a) An overview of an area of 50×50 nm2 where the dark protrusions with the bright edges 
are the radicals.  (b) Almost entirely covered area with dimensions 25×25 nm2. Radicals as well as 
extended structures can observed in upper right corner. (c) Atomic resolution of STM image with 
dimensions 5×5 nm2.    
 
Figure 7 (b) shows a 25×25 nm2 image of another area where a rather large majority of 
the moiré unit cells appear to be populated by radicals. In the upper right corner of figure 7 (b) 
one can see several structures where it looks like the radicals coalesced. Finally, the image in 
figure 7 (c) is a zoom-in of a 5×5 nm2 area. The image has atomic resolution and a radical is 
highlighted with an arrow. In figure 7 (a) and (b) the bright spots that appear underneath the 
graphene are Argon atoms that have been trapped in the Ir during the cleaning process 
discussed previously. One is labeled with an A in image (a). In order to remove these, more 
cycles of cleaning had to be performed with a higher temperature. 
 Figure 8 (a) shows another area of the graphene surface with radical adsorbates. In order 
to investigate the radical’s site preference a lattice was placed on top of the image. The lattice 
is positioned such that the small bright spots in the moiré structure are positioned in the center 
of the lattices unit cell. The unit cell was then separated into two triangular regions, one yellow 
and one red. These triangles represent the FCC and HCP domains in the moiré unit cell. 
Identifying the domains as one or the other is beyond the scope of this thesis due to time 
constraints. Analyzing the radical’s position within the overlaid lattice, it can be seen that the 
radicals tend to populate the red triangle. This conclusion can be compared to the results 
published by Jorgensen et al. [4]. In figure 8 (b) a lattice has been overlaid on hydrogen 
A 
(a) (b) (c) 
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functionalized graphene. In their paper, they were able to identify the HCP domain (the green 
triangle) and the FCC domain (blue triangle) and they found that hydrogen tend to populate the 
HCP domain. The findings of Jorgensen et al supports the findings that the adsorbates tend to 
populate the HCP/FCC domains.   
 
Figure 8: (a) STM image of partially radicalized graphene on Ir(111) at temperature 300℃. 
An overlaid lattice was placed above the STM image. The unit cells within the lattice were then 
separated into two colored triangles in order to analyze the radical’s domain preference. The radicals 
tend to populate the red triangle. (b) Image taken from Jorgensen et al. to compare hydrogen 
functionalized graphene to the now radical functionalized graphene [4].   
 
Previous research has given insight to the reason why the radicals tend to bind to the 
HCP domain [9]. As discussed earlier, the carbon atoms in graphene are connected via sp2 
hybridized bonds. In the presence of an external perturbation, such as the radicals in this thesis, 
the sp2 bonds can re-hybridize to form sp3 bonds. The re-hybridization is depicted in figure 9. 
Once the bonds have been re-hybridized the carbon atoms of the graphene (yellow) bind to 
substrate (grey) and the radical (red) alternatively. The re-hybridization is only energetically 
beneficial in the domains where the carbon atom is located directly above the Ir substrate atom 
[9]. This offers an explanation why the radicals tend to populate a HCP/FCC domain.  
 
(b) 
(a) 
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Figure 9: The yellow atoms are the carbon atoms, the grey the Ir atoms and the red the radicals. 
The top image illustrates the sp2 hybridized graphene with the image to the right showing the shape of 
the sp2 bonds and their angles. The bottom image illustrates what happens when the radical approaches 
the graphene. The perturbation caused by the radicals causes the three carbon atoms with black lines 
connecting them to re-hybridize and form sp3 bonds. The new sp3 bonds are depicted to the right. The 
new fourth bond then bonds with either the radicals or the Ir atom in the substrate.  
 
 Another observation made earlier were the extended structures in the upper right corner 
in figure 8 (b). It should first be noted that the radical coverage in the upper right corner is 
almost 100%. The 100% coverage indicates that both the HCP and FCC domains become 
populated after the initial HCP/FCC domain has been populated.  
 Finally, the average radical coverage calculated for the experiment was found to be 
0.84. The value 0.84 was found by counting the number of domains occupied by radicals in 
fifteen 30×30 nm2 STM images.  
Pair-Distribution 
Next, a pair distribution function, 𝑔(𝑗), was used to analyze where radicals have a tendency to 
be found relative to other radicals. The radial distribution at the jth-nearest neighbor site for this 
type of two-dimensional system is defined as [15]  
𝑔(𝑗) = (𝑁𝜃)−1 ∑
𝑛𝑖(𝑗)
𝑚(𝑗)
𝑁
𝑖=1
 
where 𝑁 is the total number of particles, 𝜃 is the coverage, 𝑛𝑖(𝑗) is the number of j
th-nearest-
neighbor particles around the ith- particle, and 𝑚(𝑗) is the number of jth- neighbor sites. The 
function can be interpreted as the ratio between two probabilities, the probability to find a 
particle at the jth site divided by the average occupation probability. The division by the 
coverage factor serves to normalize 𝑔(𝑗) such that 𝑔(𝑗) becomes unity when 𝑟 and 𝑗 approach 
infinity. Any deviations from a random radical distribution (𝑔(𝑗) = 1) will appear as a deviation 
from 1.  
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 In order to generate the pair distribution function, the number of radicals in each jth-
neighbor site had to be calculated. The first step to calculate the pair distribution function was 
to mark the x and y coordinates of every radical in figure 10 (a) using the software imageJ [16]. 
A total of 846 radical coordinates were recorded and the coverage was calculated to be 0.6. 
The distance vector of each radical pair was then evaluated and plotted using MatLab. Figure 
10 (b) shows the center of the distance scatter plot where each dot represents a pair of radicals.  
 
Figure 10:   a) 80x80 nm2 STM image used to determine the x and y coordinates of 846 radicals. 
Radical coverage was calculated to be 0.6. b) The center of the pair distribution plot where each point 
corresponds to the distance between a pair of radicals. The yellow line corresponds to nearest neighbor 
and the red line the second nearest neighbor in both figures.   
In figure 10 (b), the hexagonal moiré pattern is visible as expected since the radicals appear to 
be located on the FCC/HCP regions of the unit cell as established in the previous section.  
 Next, in order to determine the number of radicals that could be found at each jth-
neighbor site the plot was split into discrete regions. The discrete regions corresponded to all 
the sites of jth-site. In figure 11 (a) the discrete regions are represented by the different colored 
circles. The number of radical’s in-between each circle was then counted to get the total number 
of radicals that could be found at the jth-neighbor site. Thus, the 1st-neighbor site, would be 
counting all the blue dots within the orange, innermost circle.   
 
 
(a) (b) 
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Figure 11: (a) Enlarged image of figure 10 (b) with different jth-neighbor sites numbered. The 
circles represent the areas that were used to count the number of radicals in the sites with the same jth 
number. (b) Pair distribution function g vs neighbor site j obtained from figure 10 (a).  
 The final value needed was the occupation probability at each site. The occupation 
probability was found by examining a hexagonal lattice and counting the number of possible 
jth-neighbor site. Taking figure 11 (a) and counting the number of 1’s that appear on it gives 
the occupation probability for the 1st-neighbor site. The occupation probability value is 6. For 
the next three neighbor sites the values were counted to be 6, 6 and 12. The number of radicals 
that could be found in the jth-neighbor sites and the occupation probability were then substituted 
into the 𝑔(𝑗) function. The function is shown in figure 11 (b). 
 Examining figure 11 (b) it is evident that largest deviation from the random distribution 
occurs at the 1st-neighbor site. The deviation indicates that the radicals favor to bind right next 
to another radical. The tendency to bind right next to another radical matches the observation 
that radicals tend to bind in clusters which is evident in figure 7 (a), figure 8 (a), and figure 10 
(a).  
 
 
(a) (b) 
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5. Conclusion  
 
In this thesis, graphene was successfully functionalized using radicals formed from C2H4. The 
graphene was grown from scratch on an Ir(111) surface using a combination of TPG and CVD. 
The pristine graphene was then exposed to radicals generated by a homemade cracker. The 
experiments were all done at UHV conditions. The resulting functionalized graphene was 
examined using STM. Analysis of the images collected manifested that the radicals prefer to 
bind at the HCP/FCC domains of the nano-mesh of graphene. This result was supported by 
previous research that had been done on hydrogen functionalized graphene. Furthermore, the 
radicals were found to bind to the graphene in the immediate vicinity of other radicals. The 
tendency to bind close to each other can be seen immediately in the STM images. The radicals 
tend to cluster close to one another rather than spread out randomly across the graphene surface.   
 
6. Outlook 
 
There are several things that can be done in the future to expand on the results of this thesis. 
Investigating the exact nature of radicals formed from the cracking of C2H4 molecule could be 
the first step in refining the experiment. The nature of the radicals could be identified by X-ray 
photoelectron spectroscopy or thermal desorption spectroscopy. Additionally, one could use a 
quadrupole mass spectrometer to mass select different radicals formed from C2H4 .  
Furthermore, one could extend the studies to experiments linked closer to the different 
motivations mentioned in the introduction, namely the use of graphene as a semiconductor and 
as a catalytic support. If one wants to investigate how radicals affect the electronic structure of 
graphene one could perform angle-resolved photoemission spectroscopy to get an image of the 
functionalized graphene’s band-gap. On the other hand, if one wants to explore graphene’s 
potential as a catalytic support one could study the reactivity of functionalized graphene films.  
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